Plants adapt quickly to changing environments due to elaborate perception and signaling systems. During pathogen attack, plants rapidly respond to infection via the recruitment and activation of immune complexes. Activation of immune complexes is associated with posttranslational modifications (PTMs) of proteins, such as phosphorylation, glycosylation, or ubiquitination. Understanding how these PTMs are choreographed will lead to a better understanding of how resistance is achieved.
Introduction
Immune pathways rely on various post-translational modifications (PTMs) of proteins to rapidly transduce signals and activate immune responses 1 . PTMs are rapid, reversible, and highly specific chemical alterations of protein structure that can affect protein conformation, activity, stability, localization, and protein-protein interactions [2] [3] [4] . In plants, more than 300 types of PTMs have been identified including ubiquitination, sumoylation, sulfation, glycosylation, and phosphorylation 2, 5 . A growing body of evidence highlights the importance of PTMs in different aspects of plant immunity 1, 5, 6 . Protein phosphorylation, the reversible attachment of a phosphate group to a serine, threonine or tyrosine residue is a regulator of many cellular functions and not surprisingly the most highly studied PTM in plant defense signaling cascades [5] [6] [7] [8] [9] [10] [11] . Phosphorylationdependent signaling is an integral part of plant defense activation initiated after extracellular perception of microbes by transmembrane receptors, or intracellular recognition by multidomain resistance proteins 5, 8 .
Upon invading plants, microbes are detected by plasma membrane receptors called pattern recognition receptors (PRRs) 12 . Known PRRs are either receptor-like proteins (RLPs) or receptor-like kinases (RLKs), both carrying a ligand-binding ectodomain and a single-pass transmembrane domain. In contrast to RLPs, RLKs have an intracellular kinase domain [13] [14] [15] . The ectodomain of PRRs binds to conserved microbe elicitor molecules called pathogen-associated molecular patterns (PAMPs) leading, in the case of RLKs, to autophosphorylation and transphosphorylation within the intracellular domain 6, 16 . Downstream of perception-induced phosphorylation of PRRs, subsequent phosphorylation of cytoplasmic proteins including kinases 17, 18 , E3 ligases 19 , mitogen-activated protein kinases (MAPKs) 20, 21 , calcium-dependent protein kinases (CDPK) 22, 23 , and transcription factors 24, 25 leads to PAMP-triggered immunity (PTI).
In addition to the extracellular perception by PRRs, intracellular recognition of pathogens is achieved through cytoplasmic receptors. These multidomain resistance (R) proteins contain a variable N-terminus domain, a central nucleotide-binding (NB) motif, and C-terminal leucinerich repeats (LRR) and therefore called NB-LRR proteins 26, 27 . R proteins directly or indirectly recognize pathogen-derived virulence molecules called effectors, also known to target PRRs and other nodes of the immune system. Recognition induces strong defenses leading to effectortriggered immunity (ETI) [28] [29] [30] [31] . NB-LRR proteins have a requisite ATP-binding motif within the NB domain 30, 32 , but they lack a kinase domain. Phosphorylation of conserved domains of NB-LRRs has been reported in a large-scale proteomic survey 33 , but its relevance for ETI is unclear. Similarly to PTI, activation of NB-LRR proteins leads to phosphorylation of cytoplasmic proteins including MAPKs [34] [35] [36] [37] and CDPKs [38] [39] [40] . Most importantly, effector recognition can lead to phosphorylation of accessory proteins that interact directly with the NB-LRR proteins , respectively. During infection by Pseudomonas syringae bacteria, the effector protein AvrB induces RIN4 phosphorylation, most likely by the receptor-like kinase RIPK 45, 46 . Similarly, in tomato the P. syringae effectors AvrPto and AvrPtoB induce phosphorylation of Pto 47 . In contrast to RIN4 which lacks a kinase domain and must be trans-phosphorylated, Pto is an active kinase capable of auto-phosphorylation 48 and trans-phosphorylation of substrates 49, 50 . While Pto requires its kinase activity for effector-dependent initiation of signaling, kinase-dead Pto mutants are still able to signal in an effector-independent way 51 . We recently explained these observations by demonstrating that the Prf/Pto complex is oligomeric, containing multiple Prf and Pto molecules 52 and that Pto molecules within the same complex can trans-phosphorylate each other 47 . We proposed a model in which one molecule of Pto (sensor) interacts with the effector protein, causing a conformation change to the NB-LRR protein (Prf) that in turn activates a second Pto molecule (helper) within the complex. Subsequently, the helper Pto molecule transphosphorylates the sensor Pto leading to full activation of the resistance complex 47 .
These examples demonstrate that the identification of immune complex components and their potential PTMs upon effector recognition can lead to a better understanding of how signals are transduced from effector perception to downstream targets. Here we describe a protein purification method for NB-LRR-interacting proteins and the subsequent identification of their PTMs. We use Nicotiana benthamiana and the tomato Prf/Pto complex as a model, but the same protocol can easily be applied to RLKs from N. benthamiana and A. thaliana 53 with small modifications as we describe within the protocol.
Protocol
Note: all steps are done at room temperature, unless stated otherwise. 
Preparation of Plant Materials and Buffers

Protein Extraction
1. Split the protein extract into two 50 ml tubes and add 50 μl of the affinity matrix suspended in Buffer D to each tube. Incubate with gentle rotation for 2 hr at 4 °C. Note: Longer incubations have not been found to increase yield. 2. Prepare 600 μl (6x bead volume of affinity matrix) of elution buffer by adding to Buffer D (final concentrations): 0.5% BSA, 0.25 mg/ml FLAG peptide (for anti-FLAG M2 agarose) or 10 mM D-biotin (for Streptavidin agarose). Note: Elution is not recommended in the case of GFP-Trap_A and anti-HA matrices, so proceed directly to boiling in 1x SDS-PAGE loading buffer, step 3.11. 3. Precipitate the affinity matrix by centrifugation at 4 °C (5 min at 1,000 x g). 4 . Take an aliquot of the unbound extract for immunoblot, discard the rest of the supernatant, leaving approximately 500 μl in the bottom of the tube. 5. Resuspend the slurry solution with a wide-bore tip. 6. Transfer the mixed slurry solution from both tubes to a single 1.5 ml tube.
Note: From now on, use 1.5 ml low-protein binding microfuge tubes. 7. Pulse 3x for 5 sec using a benchtop centrifuge to precipitate the affinity matrix and remove the supernatant. 8. Wash 3-5x with 1 ml cold buffer D. Between the washes precipitate the affinity matrix as previously described and discard the supernatant. In the last wash remove excess Buffer D with the needle of a syringe. Note: A final wash using Buffer D with 0.1% IGEPAL can be used to further reduce nonspecific binding. 9. Elute with 200 μl of the appropriate elution buffer (for anti-FLAG M2 or Streptavidin agarose see step 3.2) 3x, 5 min each time with constant shaking. 10. Pool the 3 eluates in a single tube. Concentrate the proteins by using 30 μl of absorption resin. Vortex, let stand for 5 min and precipitate the resin (2 min at 10,000 x g). Discard the supernatant. Note: For GFP-Trap_A and anti-HA agarose, skip the steps 3.9 and 3.10. 11. Add 50 μl of 1x SDS-PAGE loading buffer to the precipitated affinity matrix or absorption resin. Vortex and boil for 10 min at 80-100 °C in a heat block. 12. Centrifuge the boiled affinity matrix or resin for 2 min at 10,000 x g. Aliquot 5 μl of the supernatant for immunoblot, and run with other fractions onto a ~10 cm long SDS-PAGE gel (Figure 2 ). 13. For separation and identification of phosphorylated proteins by mass spectrometry, load the remaining 45 µl onto a ~19-cm long SDS-PAGE gel if extra separation is required (Figure 2) . Note: A blank lane can be included between all samples to reduce contamination of samples.
Protein Digestion
1. Stain the SDS-PAGE gel with colloidal Coomassie Brilliant Blue (cCBB) stain. Note: Minimize handling of the gel to reduce contamination with keratins. Make sure that none of the equipment or tools have been used for immunoblotting or other activities that might have left residual protein contamination. 2. Destain the gel with copious washing in water, preferably O/N. Cut the band of interest from the gel with a clean razor blade.
Note: Align the gel with the immunoblot if necessary to locate the correct area. As phosphorylation can delay migration of proteins on SDS-PAGE cut the area immediately above and below the band of interest. 3. Dice the gel slice into cubes of 2-4 mm (this ensures that the gel will be covered by solutions in the tube without blocking pipette tips). Place in a tube. 4. Estimate the volume required to keep the gel well submerged. Use this amount for derivatization, incubation with protease and peptide extraction, and then use double to triple volumes for washing. Note: In a typical digest with approximately 100 μl of the cut gel pieces, use 500 μl solution for washing, 2 x 180 μl for dehydration, 150 μl for reduction, 120 μl for alkylation, and 120 μl for digestion. 5. Wash the gel pieces 2 x 20 min (or until destained) by adding 50% acetonitrile (in 50 mM ammonium bicarbonate, ABC). Pipette off the solution taking care not to remove gel pieces. 
Representative Results
We describe here a protocol for purification of tagged proteins from stable transgenic A. thaliana lines or after transient expression of proteins in N. benthamiana. As illustrated in Figure 1 the purification of the targeted protein is coupled with mass spectrometry to allow identification of interacting proteins and the PTMs of the targeted protein. The protocol has been designed for purification of proteins involved in plant immunity and identification of their PTMs but can be applied to purification of any tagged plant protein.
As an example we use the purification of the Prf/Pto complex from N. benthamiana. The transgenic N. benthamiana line 38-12 54 , expressing 35S:Pto, was transiently transformed with 35S:Prf-FLAG and the complex was immunoprecipitated with anti-FLAG M2 agarose (Figure 2A) . The immunoblots (IB) in Figure 2A illustrate that most of the targeted protein (Prf) was immunoprecipitated. Pto and the interacting effector protein AvrPtoB were copurified with Prf and detected using antibodies and mass spectrometry analysis (Figures 2A and 2B) . We found that the Pto that copurified with Prf migrated slower on SDS-PAGE gel when coexpressed with the effector constructs 35S:AvrPto and 35S:AvrPtoB (Figure  2A) . Both effector proteins induced slower migration of the Prf-interacting Pto (Figure 2A) . This effector recognition-dependent slow migration of Pto was previously attributed to phosphorylation as it could be removed by treatment with phosphatase 44 . To detect the phosphorylation sites contributing to the slow migration of Pto, we subjected the Prf copurifying Pto to mass spectrometry analysis. Despite the high expression of Pto and its easy detection with immunoblots we could retrieve peptides covering only 57% of Pto sequence and we failed to identify any phosphorylation sites ( Figure 2B ).
Subsequently, we changed strategies to target the Pto protein with anti-FLAG. N. benthamiana WT plants were transiently transformed with 35S:Prf-3HA and 35S:Pto-FLAG, with or without 35S:AvrPto and 35S:AvrPtoB. The total amount of Pto protein, comprising both the Prfcomplexed and the free forms, was immunoprecipitated with anti-FLAG M2 agarose and subjected to SDS-PAGE fractionation, in-gel tryptic digestion and mass spectrometric analysis ( Figure 2C ). With this approach we identified Pto peptides spanning approximately 80% of its sequence and an unknown 100 kDa interacting protein. We identified a set of single and double phosphorylation sites for Pto peptides 187-202 and 188-202 ( Table 1) . Ser-198 and Thr-199 were the predominant phosphorylation sites but other phosphorylation sites were also detected ( Table 1) . Most importantly double phosphorylation on Ser-198 and Thr-199 was identified only in the presence of either effector protein ( Table  1) . We recently identified a similar set of Pto phosphorylation sites and illustrated the significance of the double phosphorylation event for signaling 47 . Following the protocol described here we were able to identify dynamic changes in the phosphorylation state of the target protein. 
Discussion
Elucidating the mechanism of receptor activation by PAMPs and effectors can contribute greatly to our understanding of plant immunity. In the last 20 years, genetic and yeast two-hybrid screens have been instrumental for the discovery of PRRs and NB-LRR proteins. More recently, mass spectrometry-based protocols have been established for the identification of proteins regulated differentially during immune signaling [55] [56] [57] [58] , their PTMs 11, 33, 59, 60 , the composition of immune complexes 61 and effector targets 62 . Here we describe a straightforward protocol for the identification of PTMs regulating the activation of immune complexes.
In comparison with previously described protocols, this protocol allows the detailed identification of dynamic changes of PTMs. Protocols of large-scale proteomics approaches can identify PTMs of proteins but are not able to reveal the site plasticity of PTMs due to limited amounts of protein. In the case of protein phosphorylation, large-scale proteomics approaches typically only identify the predominant phosphorylation sites 11, 33, 59 . The detailed characterization of a protein phosphorylation status requires a substantial amount of protein that can be obtained only through partial purification of the target protein 47 . The protocol described here couples a protein purification approach that yields a substantial amount of the target protein, with mass spectrometry analysis of the purified protein. Following this protocol, the single phosphorylation event of Pto was attributed predominantly to Ser-198 as previously described 52 but some mass spectrometry spectra also supported a single phosphorylation event on Thr-195 or Thr-199. When double phosphorylation events of Pto were observed, the predominant combination of phosphorylated amino acids was Ser-198 and Thr-199 although combinations on other sites were also observed ( Table 1) . These results clearly demonstrate the phosphorylation site plasticity of protein kinases and the ability of the described protocol to characterize in details all possible phosphorylation sites.
The most critical steps of this protocol are: 1) sufficient extraction of proteins; 2) protection of PTMs; and 3) sufficient amount of target protein.
First, for sufficient extraction of proteins, it is important to grind the tissue in liquid nitrogen and subsequently to use a tissue homogenizer as described in the protocol. If a tissue homogenizer is not available, a mortar and pestle can be used. It is also important to use a ratio of one to three (or four) of grams of tissue to volume of extraction buffer. This tissue to buffer ratio and the high strength buffer that we suggest will ensure that the pH will remain neutral during the extraction process. We found that this is of particular importance for A. thaliana and tomato extractions 52 . Protection of PTMs can be achieved by including in all the buffers the appropriate inhibitors of enzymes that can remove PTMs. It is also critical to perform all steps at 4 °C and to prechill buffers and instruments. Higher yields of target protein can be achieved by using plants expressing the protein in sufficient amounts and by using high amounts of tissue (approximately 20 g). The most crucial step for obtaining sufficient amounts of target protein is concentrating the target protein by direct immunoprecipitation. The significance of this step is highlighted by our failure to identify PTMs of Pto after a Prf immunoprecipitation due to the limited amount of coimmunoprecipitated Pto ( Figure 2B) . In contrast, direct immunoprecipitation of Pto yielded substantially more measurable peptides ( Figure 2C) leading to approximately 80% coverage of the protein sequence and identification of PTMs ( Table 1) . We also strongly recommend the use of epitope-tags for protein immunoprecipitation. In comparison to antibodies raised against native proteins epitope-tags affinity matrix can yield higher amounts of partially purified protein. By using an antibody raised against native Pto protein 51 (Figure 2A ) for immunoprecipitation, we were able to identify only single phosphorylation of the two predominant phosphorylation sites of Pto.
This protocol has primarily been developed for partial purification of N. benthamiana cytoplasmic protein and subsequent identification of their phosphorylation sites. However, using the modifications described herein, this protocol can be easily adapted for A. thaliana proteins and membrane bound proteins. The main objective of this protocol is to yield sufficient amounts of the target protein for the identification of PTMs and not to achieve the highest purity of the complex. If higher purity of the complex is required a second step of purification can be added to this protocol 52 . In that case, a first step will allow elution of the target protein from the affinity matrix without the use of high salts or acid and the subsequent step may entail a matrix, which requires harsh elution conditions. It is important to highlight that we have only tested this protocol for the identification of phosphorylation sites and that we are currently testing its ability for detailed identification of additional PTMs.
Our representative results clearly demonstrate the phosphorylation site plasticity of protein kinases and the ability of the described protocol to characterize phosphorylation sites. Most importantly, they highlight that identification of phosphorylation sites relying in low amount of proteins by mass spectrometry and by single point mutations of auto-phosphorylation sites can give confusing results. We show here and previously 47 that double phosphorylation of Pto on Ser-198 and Thr-199 is associated with the activation of the Prf/Pto complex. In contrast, previously published results 47, 63 have shown that single point mutations of Ser-198 and Thr-199 to alanine, which prevent phosphorylation on these sites, are capable of signaling suggesting that phosphorylation of these sites is not a prerequisite for complex activation. These results can now be explained by phosphorylation of the secondary site Thr-195. Similar insight into the phosphorylation site plasticity of other protein kinase can be obtained following this protocol. Furthermore, a combined approach using phosphorylation sites point mutations, proteins that can inhibit specific kinases (effectors) coupled with protein immunoprecipitation and mass spectrometry analysis will lead to a better understanding of the evolutionary significance of the phosphorylation site plasticity of protein kinases.
